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QCD Phase Transition )

ALICE
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(Y  QCD Phase Transition )

ALICE
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—Lattice QCD prediction
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e Sharp increase of energy density around 7= 170 MeV indicates a
phase transition from hadronic matter to deconfined Quark Gluon
Plasma (QGP)
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QCD Phase Diagram )

ALICE
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Heavy-lon Collisions ol

Lawrence Berkeley National Laboratory
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Jet Quenchln

e Jet quenching: parton in-medium energy loss
® observed charged hadron suppression in
heavy-ion collisions
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Jets in Proton—-Proton Collisions W'

ALICE

Hadronization into a colorless
A spray of particles — Jet

.

TT$ Radiation of (soft) gluons and quarks

VN

* |nitial parton hard scattering (Q2 >> Aacp)

Jets are attractive both experimentally and theoretically
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Jets in Heavy-lon Collisions [

e Hard protons produced before the
QCD medium forms
¢ |nteract with the hot dense medium

Out-of-cone radiation
RAA<1

Incoming /

ncom 9999999}
In-cone radiation| | /[
Jet broadening 'J

e Qut-of-cone radiation: energy loss in jet cone
= jet yield suppression, dijet or hadron jet acoplanarity...
® |n-cone radiation: medium modified fragmentation function
= et shape bordering, modification of transverse energy profile...
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(®) Jets in Proton—Nuclear Collisions &

ALICE

e Study of cold nuclear matter
¢ |nitial state effects:
= Color Glass Condensate (CGC)?
= nuclear modified Paton Distribution
Function (nPDF)...

e final state effects:
= parton scattering in cold nuclear matter...

e pbaseline for the heavy-ion collisions:
= disentangle the initial state effects from the hot and dense
medium produced in the final state of the heavy-ion collisions
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ALICE

Jet Reconstruction
In an Experiment
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ALICE

e Experiment does not know about initial partons and the evolution
just about the final detected particles
e Jet finder algorithm: assemble particles to obtain the physical
observable
¢ infrared and collinear safe: soft emission and collinear splitting
should NOT change jets
e dentical defined at parton and hadron level: calculations can be
compared to experiments
e Two main jet algorithm classes
® cone-type algorithms: identify energy flow in cones — infrared and
collinear safe must be carefully studied
e sequential clustering algorithms: pair-wise successive
recombinations — simple definition, infrared and collinear safe
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ALICE

1. For each pair of particles, 7+ and 3, calculate:

n=1 kr algorithm
n=0  C/A algorithm

n = —1 anti-k1 algorithm

(s — %’)2

(i —m;)° +
R 9

dij = mln{pT zva]}

R is resolution parameter which is one of the inputs of the jet finder
. if dy; = min{d;;, p3" s pT,J} merge particles ¢ and j into a single particle:
PT,r = PTi T+ PT,

or = (Wips + w;p;)/(w; + wj)
Ny = (wins +w;n;)/(w; + wy)

w; = 1, pr;, pp,; for different recombination schemes

3. repeat from step 1 until no particle is lett

The 28t HENPIC, X. Zhang — LNBL 10



ALICE

Jet Area: ky vs. anti-ky

® The jet area can be used to access jet susceptibility to

contaminations: underlying background, pileup...

p, [GeV]
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e k7:the detailed jet shapes are in part determined

o anti-kt: more like the circles — insensitive to soft radiation
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Measured Jets in Experiment &

e Reporting a jet with pr = 100 GeV/c in data is meaningless

e A correct way the define a measured jet is:
e a full (or charged) jet at pr= 100 GeV/c
e with resolution parameter (jet cone size) R =0.2
e reconstructed by anti-kr algorithm with pr/Er-scheme

e But one has to keep in mind that the measured jet pr may be
contaminated by:
® energy redistribution, detector effects and underlying background
and background fluctuations...
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ALICE

Jet Measurement
with ALICE Detector
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(©) Jet Measurement with )

ALICE

(ACORDE )
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¢ EMCal: Inl<0.7, 1.4<p<T1
e a Pb-scintillator
sampling calorimeter

v

Charged particle correction:

* Tracking: Inl<0.9, O<p<2m prevents energy double counting
e TPC: gas draft detector

e |TS: silicon detector
Charged |pme <+
Constltuents

Neutral

constituents
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Analysis Workflow ol

EMCal clusters (Er>300 MeV) Charged hadron

~ Start Charged tracks (pr>150 MeV/c) ——>  correction

Final particle level \ l

]et SpQCtrum Charged ﬂorrected
tracks EMCal

T -—
_ Jet finder
Unfolding: anti-k.
e background fluctuations
® detector response i
T Average jet
background

Detector level jet spectrum < gUbtraction
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Average Background Density [

e Event-by-event background is obtained using the charged particle
jets reconstructed by kt algorithm

ch
pT,ijet )

Pcharged — median(

g;jet % 250 g 10° E Mlity
e Scaled to account for neutral N -/
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Jet Spectra at Detector Level [

' I L I C E Lawrence Berkeley National Laboratory
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e \With charged leading hadron pr>5 GeV/c
® suppress combinatory background
e bias towards harder fragmentation
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% Background Fluctuations: Random Cone oo

ALICE

e The size of background fluctuations is characterized by dpr

%‘ 15 ALICE Preliminary Pb-Pb \/?NN=2.76 TeV
5pT — PT.part — Pscaled X WRZ g 10 3 oo Random cones
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s
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% Background Fluctuations: Embedding i

BERKELEY LAB
ALICE
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e Single particle embedding dpr is compared with random cones
e difference gives the the uncertainty on background fluctuations
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Detector Effect )

ALICE Simulation PYTHIA pp \F 2.76 TeV - i
anti-k_ R=0.2 'Te"‘:i"g _>5GeV/c % - ALICE Simulation
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e Detector effect: obtained by PYTHIA+realistic detector simulations
e detector resolution — response matrix
® |et reconstruction efficiency — dominated by the single track
efficiency of the leading hadron

= multiplicity dependence is determined by Hijing simulations
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& Jet Momentum Resolution
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Jet
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e Background fluctuations: smaller in semi-central collisions (10-30%) than in

central collisions (0-10%), dominate in pr<30 GeV/c
e Detector effects: independent of centrality and pr, dominate in pr>30 GeV/c
The 28t HENPIC, X. Zhang — LNBL
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Jet pr Spectra at Particle Level &l

ALICE Al
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ALICE

Results
Pb—Pb Collisions
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% Nuclear Modification Factor ﬂ

< 1 4 ALICE Pb-Pb |5,,=2.76 TeV 1
= ALICE Preliminary ~ Pb-Pb |'s, = 2.76 TeV o T LnargecJets
_ : T q2- pt?a‘; >TO.1§ GeV/C -
ni anti-k; R=0.2 mjet|<0.5 - o o Gav/e
leading o | R ST _<__R]'_,<_:_h_j_e_t_ < ......... eC___
pT,charged >5 GeVic E *m + i
B 0-10% 08¢ .
] 10-30% 0.6F + + +++
’ " @ Alljets :
) 0.4 m Leading track pT>5 GeV/c B
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! t _l_ # " T Systematic :
I RN RN | 1111 | 1111 | 1111 | IIIIIIII
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O
s JHEP 03 (2014) 013 ‘No¢
¢ Consistent with ALICE
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%O 40 50 60 70 80 90 100 110 120 published results on
P (GeV/c) _
! charged jet Rcp

e Strong jet suppression observe dependence on centrality class
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Comparison with Theoretical Models (&)

ALICE
< <
Q:< ] ALICE Preliminary Pb-Pb \'s, =2.76 TeV D:< ] ALICE Preliminary Pb-Pb \'s,, =2.76 TeV
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JEWEL: arXiv:1212,1599, arXiv:13110048
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e (Good agreement between data and models within errors
e both models fitted to the single particle Raa

The 28t HENPIC, X. Zhang — LNBL 23



Comparison with ATLAS and CMS &

ALICE
0 2FGh oartl .
O 1 8:— . particles Jets E
- ALICE ALICE Ch. Jets R=0.3 1
m | ¢ ® . . .
1.6 (0-10%)/(50-80%) (0-10%)/(50-80%) - o ATLAS: calorimetric jetS
1.4 - CMS 5 ATLAS Calo Jets R=0.3
1 2:_ (0-5%)/(50-90%) (0-10%)/(60-80%) E
; ;;_*"'F',g_;;k;"\/ﬁ;égg;g\; """" [ 'H'_z e ALICE: charged particle
0.6 ar [ 1 Jets — more sensitive to
"M (X
0.4 wﬂfﬁ’fﬁ: = -+ the low-momentum
022 1 fragments
O | |

10 107
JHEP 03 (2014) 013 ptTrack, pJTet (GeV/c)
e Agreement between ALICE and ATLAS:
e contribution of low momentum jet fragments to jet energy is small
e Rcp for jets and single hadrons are similar:

¢ |ndicates the momentum is redistributed to larger angles
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Ratio of Jet Spectra Rl

ALICE
~~ 2: AL L L L L
), gF ALICE ® Pb-Pb0-10%
T 1.6 f\ﬁ;ﬁ’aﬁim Tev + Pb-Pb 50-80%-
QT 145 prs0.15Gevie ¢ PYTHIA 2
b 1 o Leading track p,>5GeV/c =
~~— — -
S 08 —H:*Zﬁaii :
Il 0.6 E
0.4 g_ correlated uncertainty _5
© 0-2:_ shape uncertainty =
B | | | | | | | | | | | | | | | | | | | I | N
® 20 40 60 80 100
p. . (GeV/c)
T,ch jet

e Charged jet ratio consistent with vacuum jets (PYTHIA) and no
centrality dependence
® no evidence of jet structure modification in cone

e understanding jet quenching requires well developed models
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(¥ Again: Background )

ALICE
’% 102; Pb-Pb |'s,,=2.76 TeV Anti-k; R=0.2 Iyl < 0.5
L e e | @ Challenge in heavy-ion collisions
| - mcee | @ |large combinatorial background and
T background fluctuations
=L T, e |eading track cut: suppress
10-45_ m A ! 'l
- . "os ALICE . D :
w0k ", rasen combinatorial jets — surface bias
107E T T e small jet radius: decrease the
R BT B R R Lo Lo |
e background fluctuations — missing
redistributed energy

-40 -20 0 20 40 60 80 100 120 140
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The 28t HENPIC, X. Zhang — LNBL 26



Semi-inclusive Recoil Jet Distribution [

ALICE

4 e Hadron triggered recoil jet spectrum: minimal
trigger : :
- -~ surface and fragmentation bias dow to low pr
. 10
§ E K ® p[¥:10-15 GeV
[0)) B ° e p9% 15-20 GeV
S 102 s . EE‘Q:zz-sg GeV
? %%Q_E E ‘z
recoil jet S F ; ."!;3
= 10° 2 é o.¢:?+{+
e Dominated by combinatorial "  .[ ¢ J/ 'ﬁﬁ‘l“ !
: : y v = l#& POPD \sy, = 2.76 T4 0-20% %ﬁ i lﬂl }
JetS o uncorrelated Wlth - anti-k. R=0.4 A874 £°">0.15 GeV H
trigger hadron pr TE H * T
B 6|0 I-4|OI o I2|OI | I4|OI | 6|0 | 8|0I | I10|O
pif;et:prTem—p A (GeV/c)

e Recoll jspectrum — evolves
with trigger hadron pr
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ALICE

e Opportunity: remove combinatorial background by considering the
difference of the recoill jet spectra for two exclusive hadron trigger

intervals
A]re(:oil — [1/Ntrng/de,jet]trg _ [1/Nrede/de,jet]ref
- 107
g - §M+ Pb-Pb |s,,=2.76 TeV 0-10%
s = ® . Charged jets, p>***'>0.15 GeV/c _
% 10-25_ . = ami'kTR:_:T"['s:(:"' s ® Arecoil IS clean of the
Zg*az — ¢ o [ ,9] Integral:0.832 . .
S§pel ¢ TTae oTeememesm combinatorial background
= E ¢ B
107 = :ﬁ: ]
;W —+- BE e still has to be corrected for
e + background smearing of jet
e I P I energy and detector effects
40 20 0 20 40 60 80 100 120
pEnPpEEehp A (GeV/o)
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Recoil Jet Al ]

«_1.6
£¢ [ antik, R=04, p"°nSt >0.15GeV/c  Pb-Pb 0-20% |s,, = 2.76 TeV
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D_ZT 15_ ........................................................................
0.8:— }51{ | ® [
0.6— -
- . | e YAJEM: agree with data
0.4 - L .
- = = e JEWEL: Alap ~ 0.4
2 ALICE : A
OZPRELIMINFIRY below the measurement
O_I ] ] |1|OI ] ] |2|()| ] ] |3|0| L1 |4|0| ] ] |5|OI ] ] ] | >4

. 70
Pl (GeV/c)

e Difference in energy loss mechanism or modeling
collision/medium?
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Ratio of Recoil Jet Yield  [&i

ALICE
ARecoillR=0.2)/Apecoi(R=0.4) ApecoillR=0-2)/Agecoi(R=0.5)
) —_
! 14— - 14—
o u —4— ALICE data () - —4— ALICE data
Il B % Shape uncertainty Il B % Shape uncertainty
5 1.2~ [ ] Correlated uncertainty Eﬁ 1.2 [] Correlated uncertainty
‘o  ALICE I PYTHIA Perugia:Tune 0,10 &11 o o ALICE 1 I PYTHIA Perugia:Tune 0,10 &11
(& ] — PRELIMINARY o — PRELIMINARY
s |
S f g ¢
o 0.8— o 0.8—
s o8- .
- 2 - 2
oL 0.6/ g | . £ 0.6/ 2
~. B = ‘ T ~. B = ®
§0'4__ % I §0.4_— % | —t—
Ko =+ TT[20,50]-[8,9] St =+ TT[20,50]-[8,9]
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B T Pb-Pb |'s,,=2.76 TeV 0-10% B T Pb-Pb |s,,=2.76 TeV 0-10%
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® Arecoil(R=0.2)/Arecoil( R=0.4): no evidence for significant energy
redistribution within R=0.4

® Arecoil(R=0.2)/Arecoil( R=0.5): data systematically below PYTHIA (in

jet pr>36 GeV/c) — hint of energy redistribution?
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() Hadron-Jet Azimuthal Correlation [&

ALICE

e Can medium-induced radiation emitted out-of-

A .
v cone change the jet direction?

A
I

# Pb-Pb: \'s,, = 2.76 TeV, 0-10% (uncorrected)

o
»

Systematic uncertainty

4 PYTHIA (v6.421) embedded in Pb-Pb
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0.0 S 01— 40<p """ <60 GeVic
- n _ pk > 0.15GeVie
0

TT[16,19]-[8,9] (GeV/c) TT[19,25]-[9,10] (GeV/c)

e PYTHIA consistent with data within errors — no evident medium-

induced acoplanarity observed for selected kinematics
The 28t HENPIC, X. Zhang — LNBL 31



Event Plane De

ALICE

pendence of Jets
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e Used to investigate the path length dependence of jet energy loss

® non-vanished vz in semi-central collisions (30-50%) with 20 effect
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ALICE

Results
p—Pb and pp Collisions
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~>

(Y Corrected Jet Spectrum [

ALICE
S L B DL L IR IR B R
Sk Lip=51pb™ ALICE Prel : . .
g e LRRERETSY | e Jet measurements in p—Pb collisions
‘“12:%10_5__ i ®  ALICE p-Pb \s,,=5.02 TeV ]
_ E - E syst error ] .
i . wemeackor 1 ® crucial test of the cold nuclear effects
i i O PYTHIA6 Perugia2011 |
v : 3 e using the similar techniques as in Pb—
- o ] ..
: POWHEG+PYTHIA8 - g : Pb COIIISlonS
- 4= N
- o 1 e background density is corrected by
S 1 the event occupancy to since the
O .
i feta b it large local fluctuations of the event
o5 S multiplicity
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Ratio of Jet Spectra e

ALICE
fo) B B B E N BN I NN IR B 1 o — T 7T T T |
< 1.4 — - —@—— ALICE charged jets p-Pb 5.02 TeV
o - ® p-Pb |5, =5.02TeV . 7 8 [ anti-k; jets, [7/<0.5
% 120 svst error ALIC|E lP(r)e5I|m|nary ] T 1 —e— ALICE charged jets pp 7 TeV m
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e Results consistent with no significant cold nuclear effect on jet
transverse distribution in R<0.4 in p—Pb collisions

e the same conclusion for both full jets and charged jets
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A

J Charged Jets R,a )

ALICE
1) 2 . | . v v | . . . | b b .
° - —o— ALICE charged jets p-Pb 5.02 TeV
%n:“d i anti-k; jets R=0.4, |1|<0.5
- Reference: Scaled pp jets 7 TeV
1.5 ==mmm Systematic uncertainty §

. Uncertainty reference +

. Glauber ]

ALICE

PRELIMINARY 7

0'...|...|...|...
20 40 60 80 100

pc" (GeV/c)

T,jet

e Results consistent with no significant cold nuclear effect on jet
production in p—Pb collisions
® |et suppression in Pb—PDb final state effect
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ALICE

e Dijet kt in p—PDb collisions
e |ntrinsic kT + Initial and final state radiations
e -+ scattering of parton in cold nuclear matter .

: —— ————m—— Trlgger
‘ rlgger . ,,
—. 1 -kT — PT jet. Sm(ASOduet | 7 jet
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0 10 20 30 40 50 E-EI ?ﬂ
k.| (GeVic)

Associated jet
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ky vs. Trigger py
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BERKELEY LAB

Lawrence Berkeley National Laboratory
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e No Significant deviation in data compared to PYTHIA
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Dijet ky Width <

ALICE
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e kr width increases with trigger jet pr
e compatible in data and PYTHIA simulations
e No modification of kT width observed also in high multiplicity events
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Particle Production in p—Pb Collisions [

BERKELEY LAB

ALICE

High multiplicity p—Pb and Pb—Pb collisions - similarities
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NKs’ Ratio in Jets =

i A
(o) (o)
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e A/KsO ratio significantly lower in jets than inclusive
e Ratio for different radii is the same within uncertainties

e Similar observation within errors for high and low multiplicity events
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Comparison with PYTHIA [

ALICE

o W
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e A/KsP ratio consistent with PYTHIA simulations
e underlying event dominated by soft particle production
= an interplay of radial flow and jets with little room for
coalescence/recombination mechanism (?)

= Next step: Proton/¢ ration in jets — mass dependence
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. ) K/mand P/n ratios in Jets in pp Collisions [

BERKELEY LAB
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Conclusion )

ALICE

e Pb—Pb collisions
e |arge jet yield suppression — Raa,Rcp < 1
® no significant energy redistribution within R < 0.4
= ratio of jet and Arecoil SPeCtra consistent with vacuum jets
® no evident medium-induced acoplanarity
= Arecoil(AP) distribution reproduced by PYTHIA
® non-vanished jet vz in semi-central collisions

e p—Pb collisions
e no indication of cold nuclear effects for jet observables
= et Rpro = 1, dijet kT in agreement with vacuum case
e underlying event dominated by soft particle production
= the enhanced ratio of A/Ks® is not present within the jet region
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Outlook: PID in Jets S|
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